HIN (hematopoietic interferon-inducible nuclear antigens with a 200-amino-acid repeat) domains are found in all AIM2-like receptors (ALRs) and mediate protein/DNA interactions to regulate innate immunity. We cloned, expressed, and purified the human interferon-inducible protein p202 (Ifi202) HINb domain and the murine Ifi203 HIN domain using Escherichia coli JM109 (DE3) host cells. The Ifi203 HIN domain is a monomer in solution, and it has the ability to bind both double-stranded DNA and RNA. In contrast, the Ifi202 HINb domain is a dimer in solution, and no interaction with double-stranded DNA or RNA was detected. A complex of the Ifi203 HIN domain and double-stranded DNA was prepared, and crystals of the complex were obtained. To analyze further the dimeric interface of the Ifi202 HINb domain and the DNA binding site of the Ifi203 HIN domain, models of both proteins were developed. This work provides a basis for understanding the structure and function of HIN domains.
ALRs (AIM2-like receptors) mediate inflammation and innate immunity to invading pathogens. [1] [2] [3] [4] The ALR family consists of four members in humans (AIM2, IFI16, MNDA, and IFIX) and seven members in mice (Aim2, Ifi204, Mnda, Ifix, Ifi202, Ifi203, and Ifi205). 5) Except for Ifi202, which is composed only of two tandem hematopoietic interferon-inducible nuclear antigens with a 200-amino-acid repeat (HIN) domains, ALRs contain one pyrin (PYD) domain (of the death domain superfamily) at the N-terminus and one or two copies of the HIN domain at the C-terminus. 5) To date, the HIN domain has only been found in ALRs, and is regarded as a domain that widely functions in proteinbinding and DNA recognition. Thus, understanding the properties of the HIN domain should greatly aid in studying the mechanisms of ALRs.
Two tandem oligonucleotide/oligosaccharide binding (OB) folds, connected by a rigid linker, are a common feature of the HIN domain. [6] [7] [8] [9] [10] In addition, the HIN domain can interact with proteins. Eight conserved motifs identified in HIN domains can bind proteins, such as pRb and CDK2, or mediate self-association. Based on these motifs, HIN domains have been divided into three subclasses by sequence alignment, 5) but no structural information is available as to how these HIN domains interact with other proteins or form homodimers.
HIN domains are capable of binding double-stranded DNA. Although they do not discriminate based on the sequences of their DNA ligands, different HIN domains show different binding affinities to double-stranded DNA. 8, 9) Moreover, HIN domains bind double-stranded DNA in different patterns. For Ifi202 HINa, the classical DNA-binding mode of the OB fold is used and the binding site is located at loop 12 and loop 45 of the OB fold. 8) In contrast, for AIM2 HIN and IFI16 HINb, a non-classical DNA binding mode of the OB fold is adopted, and the binding site is located at I4, 2, 3, and II4 of the OB fold. 8, 9, 11) Whether other DNAbinding patterns exist is an interesting question.
To understand fully the properties of HIN domains, we cloned, expressed, and purified two diverse ones, the Ifi202 HINb domain and the Ifi203 HIN domain, and compared their monomer/dimer characters and DNA/ RNA binding abilities. A complex of the Ifi203 HIN domain with 20 bp of double-stranded DNA was prepared and crystals for a preliminary crystallography study were obtained. Finally, models of both proteins were built to analyze further the properties of HIN domains. Our work provides a basis for further studies of the structure and function of HIN domains.
Materials and Methods
cDNA library, bacterial strains, and reagents. A mouse cDNA library was generously provided by Dr. Xu Zhao. Cloning experiments were done using the E. coli DH5 strain, and overexpression of the Ifi202 HINb domain and the Ifi203 HIN domain was done with the E. coli JM109 (DE3) strain. The pGEX 4T-2 (GE Healthcare Life Sciences, China) and pETDuet-1 (Novagen, USA) expression vectors were used for protein expression. Restriction endonucleases (BamHI and XhoI) were purchased from New England Biolabs (NEB, Beijing).
Plasmids were purified with Plasmid Miniprep Kit from Biomiga (China). Ni-NTA columns were from Qiagen (USA) and GST columns were from GE Healthcare Life Sciences. The 3C protease (derived from the rhinovirus) for removal of the 6 Â His tag and the GST tag was purified in our laboratory. Gel filtration chromatography was performed with Superdex-75 (10/300 GL) from GE Healthcare Life Sciences. DNA was synthesized and sequenced by Invitrogen China. Poly I:C was purchased from Invivogen China. All chemicals were purchased from Sigma.
Cloning and subcloning of mouse Ifi202 and Ifi203. DNA was amplified from the mouse cDNA library. Ifi202 was amplified with a forward primer with the sequence 5 0 -CGCGGATCCATGTCC-AACCGTAACTTA-3 0 , and a reverse primer with the sequence 5 0 -CCGCTCGAGTTTTTCAGGCATGATGAC-3 0 . Ifi203 was amplified with a forward primer with the sequence 5 0 -CGCGGATCCATGGCT-GAATACAAGAAT-3 0 , and a reverse primer with the sequence 5 0 -CCGCTCGAGGAAGTATGGTTCCAGAGA-3 0 . To subclone the Ifi202 HINb domain, a forward primer containing the sequence of the 3C protease cutting site (5 0 -CGCGGATCCCT-GGAAGTTCTGTTCCAGGGGCCCGAATCTTTTGAAGGGGAT-3 0 ) and a reverse primer containing stop codons at the C-termini of the clone (5 0 -CCGCTCGAGCTATTATTTTTCAGGCATGATGAC-3 0 ) were used. To subclone the Ifi203 HIN domain, a forward primer containing the sequence of the 3C protease cutting site (5 0 -CGC-GGATCCGCTGGAAGTTCTGTTCCAGGGGCCCGAAGAAGGTCA-CCATCAA-3 0 ) and a reverse primer containing stop codons at the C-termini of the clone (5 0 -CCGCTCGAGCTATTATGGCTTTCCTT-CATTGAT-3 0 ) were used. The PCR product was digested with restriction endonucleases (BamHI and XhoI) and ligated into vector pGEX4T-2 (for the Ifi202 HINb domain) and pETDuet-1 (for the Ifi203 HIN domain). The ligated products were then transformed into E. coli DH5 competent cells, and positive transformants were selected from agar plates containing 100 mg/mL of ampicillin. The authenticity of the construct was confirmed by DNA sequencing.
Expression, purification, and analysis of the proteins. Both expression vectors were co-transformed with plasmid pRare-2 (encoding the tRNA for AUA, AGG, AGA, CUA, CCC, GGA, and CGG) into E. coli JM109 (DE3) competent cells by a heat-shock procedure. The positive transformants were selected from agar plates containing 50 mg/mL of ampicillin plus 50 mg/mL of chloramphenicol, and were inoculated into 120 mL of LB (Luria Bertani) medium. The cells were then grown overnight at 37 C with agitation. The overnight cell culture was diluted into 12 L of LB, and were grown under the same conditions to an OD600 of 0.8. Proteins expression was induced with IPTG (isopropyl--D-1-thiogalactopyranoside) to a final concentration of 0.2 mM at 20 C for 12 h. The cells were harvested by centrifugation at 2;500 Â g and resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, and 300 mM NaCl) supplemented with 10 mM MgCl 2 , 200 Units/mL of DNaseI, and 1 mM PMSF. The cells were lysed by sonication. Purification was done under standard procedures, with slight changes, with GST and Ni-NTA affinity columns. Briefly, the eluted proteins were dialyzed with buffer A (10 mM Na-Hepes pH 7.0, 150 mM NaCl, and 2 mM DTT), treated with 3C protease (derived from rhinovirus), and then reloaded onto an affinity column to remove affinity tags. The proteins were then concentrated and loaded onto Superdex 75 (10/300 GL) in buffer A. The peak fractions were combined for further analysis.
The purified protein was analyzed by 15% SDS-PAGE, and the protein concentration was determined by ultraviolet absorption at 280 nm (for Ifi202 HINb, 1 A280 ¼ 0.98 mg/mL, and for Ifi203 HIN, 1A280 ¼ 2.25 mg/mL).
DNA preparation. Twenty-bp (5 0 -CCATCAAAGATCTTTGATGG-3 0 , which can anneal to itself) and 16-bp (5 0 -GCCATCAAAGAGA-GAG-3 0 , and its complement sequence) double-stranded DNA fragments were prepared for interaction and crystallization studies. 9) To prepare the double-stranded DNA, oligos were dissolved in buffer A. Oligo pairs were mixed at a 1:1 molar ratio, heated to 95 C, and annealed by slow cooling to room temperature.
Electrophoretic mobility shift assay (EMSA). To detect the interaction of the Ifi202 HINb domain and Ifi203 HIN domain with double-stranded DNA/RNA, 20-bp double-stranded DNA fragments were used at 500 nM, and poly I:C used at 0.1 mg/mL. The concentrations of the protein, ranging from 38 mM to 150 mM, are indicated in Fig. 6 . The mixtures were incubated at room temperature for 30 min then resolved on a 1% agarose gel in TAE buffer, and stained with ethidium bromide.
X-Ray crystallography. The Ifi203 HIN domain in complex with 20-bp or 16-bp double-stranded DNA was prepared by mixing the protein and double-stranded DNA at a 1:1 molar ratio. Crystal screens of the complex were initiated by the hanging-drop vapor diffusion method by mixing the complex (about 9 mg/mL) with an equal volume of reservoir solution. Crystallization was observed in 0.1 M Na-Hepes (pH 7.5), 0.2 M MgCl 2 , and 30% (v/v) isopropanol. To confirm that the crystals contained both the protein and the DNA, samples containing only the protein or the DNA were subjected to crystallization under the same conditions.
Model building. Models of the Ifi202 HINb domain and the Ifi203 HIN domain were built with the Swiss-Model Server (http: //swissmodel.expasy.org) using the human IFI16 HINb domain (PDB code 3B6Y) as template. Structural representations were prepared with PyMOL (http://www.pymol.org).
Results and Discussion
Cloning and subcloning of mouse Ifi202 and Ifi203 To understand the relationship between the HIN domains, phylogenetic trees of the HIN domains (from human and mouse) were investigated before we began the present research. The structures of some HIN domains (hAIM2 HIN, hIFI16 HINa, hIFI16 HINb, mAim2 HIN, and mIfi202 HINa) have been solved, and they show common features of the HIN domain, but a few HIN domains (mIfi202 HINb, mIfi203 HIN, mIfi204 HINb, and mIfix HIN) exhibit a diverse evolution (Fig. 1) . We assumed that these HIN domains have different characteristics from other HIN domains, and hence selected them for further studies, but only the mouse Ifi202 and Ifi203 were successfully amplified from the mouse cDNA library (Fig. 2) . DNA sequencing indicated that Ifi202 encodes the sequence of SwissProt:Q9R002 and that Ifi203 encodes the sequence of Swiss-Prot: O35368 (isoform 3).
Primers for amplifying the Ifi202 HINb domain and the Ifi203 HIN domain were designed by Clustal W Fig. 1 . Phylogenetic Trees of the HIN Domains.
Phylogenetic trees of the HIN domains of human and mouse were generated by DNAStar. HIN domains the structures of which have been solved are underlined.
based on sequence alignment. The sequence alignment contained the sequences of all HIN domains (from human and mouse), and indicated that Ifi202 HINb covers Glu248 to Lys445 (198 amino acids in total) and that Ifi203 HIN covers Glu246 to Pro441 (196 amino acids in total). To facilitate the purification of these proteins, an affinity tag followed by a 3C proteasecutting site was designed at the N-termini of the proteins. The Ifi202 HINb domain was inserted into the pGEX4T-2 vector with BamHI and XhoI with an N-terminal GST tag (Fig. 3A) . The Ifi203 HIN domain was inserted into the pETDuet-1 vector using BamHI and XhoI with an N-terminal 6 Â His tag (Fig. 3B) . These clones were used to express the target proteins.
Expression, purification, and analysis of the Ifi202 HINb domain and the Ifi203 HIN domain
The Ifi202 HINb domain and the Ifi203 HIN domain were overexpressed with Escherichia coli JM109 (DE3) host cells. The yields of both proteins were relatively low at the beginning of the test. To solve this problem, we investigated the codons of both DNA sequences, and found that 12-13% of the codons were rare in the Escherichia coli JM109 (DE3) host cells, and that some of the rare codons were continuous. Introduction and coexpression by the pRare-2 plasmid (encoding tRNA that recognizes rare codons) somewhat improved the yields of the proteins. The Ifi202 HINb domain and the Ifi203 HIN domain were purified by an affinity column. To make the proteins more suitable for further analysis, the GST tag or the 6 Â His tag were removed by 3C protease. The purities of both the non-tag target proteins were determined to be greater than 95% by SDS-PAGE (Fig. 4) .
The Ifi202 HINb domain and the Ifi203 HIN domain were then analyzed by gel filtration chromatography with Superdex-75. The Ifi203 HIN domain had an average molecular weight of about 25.4 kDa (Fig. 5) . Since the theoretical molecular weight of the Ifi203 HIN domain is 22.8 kDa, we determined it to be monomeric in solution. In contrast, the Ifi202 HINb domain has an average molecular weight of about 58.5 kDa (Fig. 5) . The theoretical molecular weights of the Ifi202 HINb domain as a monomer, a dimer, and a trimer are 23.1 kDa, 46.2 kDa, and 69.3 kDa respectively. Thus the gel filtration results suggest the Ifi202 HINb domain is a dimer in solution. To the best of our knowledge, the Ifi202 HINb domain is the only HIN domain that can dimerize of all the HIN domains we have analyzed in vitro (unpublished data).
Studies of Ifi202 HINb domain and Ifi203 HIN domain interactions with double-stranded DNA/RNA
Most HIN domains interact with double-stranded DNA. 8, 9, 11) To determine the interactions of the Ifi202 Purified proteins were resolved by 15% SDS-PAGE, stained with Coomassie Brilliant Blue R-250, and then destained with ethanolacetic acid-water (2:1:7).
HINb domain and Ifi203 HIN domain with doublestranded DNA, we synthesized 20-bp double-stranded DNA and detected its interaction with these proteins by electrophoretic mobility shift assay (EMSA). The Ifi203 HIN domain interacted with double-stranded DNA in a dose-dependent manner, and the K d value was estimated to be 75 mM (Fig. 6, lanes 11-15) . In contrast, no interaction between the Ifi202 HINb domain and doublestranded DNA was detected (Fig. 6, lanes 1-5) . Some structures of HIN domains in complex with doublestranded DNA have been solved. Nevertheless, we did not find any mechanism that suggests that these HIN domains discriminate the 2 0 -hydroxyl (the only difference between DNA and RNA). 8, 9) Hence, we predicted that the HIN domain is capable of binding doublestranded RNA as well. EMSA with poly I:C as a doublestranded RNA ligand confirmed this prediction. This Ifi203 HIN domain is able to bind poly I:C in a dosedependent manner even more tightly than doublestranded DNA, with a K d value estimated to be about 38 mM (Fig. 6, lanes 16-20) . No interaction between the Ifi202 HINb domain and poly I:C was detected, as expected, based on its inability to bind double-stranded DNA (Fig. 6, lanes 6-10) .
The isoelectric point (pI) values predicted for the Ifi202 HINb domain and the Ifi203 HIN domain were 6.11 and 7.94 respectively, which indicates that the Ifi202 HINb domain has a relatively negatively charged surface as compared with the Ifi203 HIN domain. Since DNA/RNA is negatively charged, the difference in the DNA/RNA-binding ability of the HIN domains examined might have been due to these different charge distributions, but whether the dimerization of the Ifi202 HINb domain is associated with its DNA/RNA-binding ability remains unknown.
Crystallization studies and model building of the Ifi202 HINb domain and the Ifi203 HIN domain
The Ifi202 HINb domain, the Ifi203 HIN domain, and the complex of the Ifi203 HIN domain and doublestranded DNA were subjected to crystal screening by the hanging-drop method. We were unable to obtain crystals of the Ifi202 HINb or the Ifi203 HIN domain, but crystals of the Ifi203 HIN domain in complex with doublestranded DNA were obtained. The drops, containing the Ifi203 HIN domain and 20-bp of double-stranded DNA, showed crystallization after 6 h at room temperature (under conditions including 0.1 M Na-Hepes pH 7.5, 0.2 M MgCl 2 , and 30% v/v isopropanol), and showed no further changes for the following week (Fig. 7A) . The drops containing the Ifi203 HIN domain and 16-bp double-stranded DNA did not form crystals, which suggests that the length of the double-stranded DNA is essential to crystal formation (Fig. 7B) . Agarose gel and SDS-PAGE electrophoresis clearly confirmed that the crystals formed contained the protein in complex with DNA ( Fig. 7 C and D) . Further research is in progress to improve the size and quality of the crystals. To analyze further the dimeric interface of the Ifi202 HINb domain and the DNA binding site of the Ifi203 HIN domain, we developed models of both proteins using the structure of the human IFI16 HINb domain as template in the Swiss-Model Server. [12] [13] [14] The IFI16 HINb domain showed 38.0% identity to the Ifi202 HINb domain and 53.7% identity to the Ifi203 HIN domain. Both of the modeled structures were very similar to the IFI16 HINb domain template. HIN domains have been predicted to form a homo/heterodimer through conserved motif MFHATVAT. 15, 16) However, in our model of the Ifi202 HINb domain, this motif is almost buried in the interior of the protein and appears unable to mediate protein dimerization (Fig. 8A) . It has been reported that the Ifi202 HINa domain can bind dsDNA. 8) To explain why Ifi202 HINb domain cannot bind dsDNA, we compared the surface charges of these proteins. Apparently, the Ifi202 HINa domain has a positively charged surface at loop 12 and loop 45 of the OB folds, but the corresponding surface of Ifi202 HINb is closed to two nagetively charged surfaces, which might be why these proteins exhibit different properties as to dsDNA-binding (Fig. 8A ). In our model of the Ifi203 HIN domain, we noticed that the protein lacks an obviously positively charged surface in the corresponding region of the solved structures, suggesting that the Ifi203 HIN domain has a novel mechanism for binding DNA ligands (Fig. 8B) . Structural studies are in progress to answer these questions. . The positively charged surface is colored blue and the negatively charged surface, red.
